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Visualization of IP3 Dynamics Reveals a Novel AMPA
Receptor-Triggered IP3 Production Pathway Mediated
by Voltage-Dependent Ca2 Influx in Purkinje Cells
the induction of LTD (Sakurai, 1990; Konnerth et al.,
1992). On the other hand, the activation of mGluRs at
PF synapse results in the production of IP3 and the
local Ca2 release via IP3R (Finch and Augustine, 1998;
Takechi et al., 1998). Mounting evidence suggests that
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2 CREST the IP3 signaling pathway plays a critical role in the
induction of LTD. For example, LTD was blocked byJapan Science and Technology Corporation
Tokyo, 113-0033 disruption of the mGluR1 gene (Aiba et al., 1994b; Con-
quet et al., 1994) and the IP3R1 gene (Inoue et al., 1998).Japan
In addition, it was reported that the activation of PFs
could be replaced by increasing IP3 concentration using
caged IP3 for the induction of LTD (Kasono and Hirano,Summary
1995; Khodakhah and Armstrong, 1997; Finch and Au-
gustine, 1998). Thus, analysis of intracellular IP3 dynam-IP3 signaling in Purkinje cells is involved in the regula-
tion of cell functions including LTD. We have used a ics will provide extensive information that may lead to
greater understanding of LTD in Purkinje cells.GFP-tagged pleckstrin homology domain to visualize
IP3 dynamics in Purkinje cells. Surprisingly, IP3 produc- We have recently shown that intracellular IP3 dynam-
ics can be visualized in single living cells using the greention was observed in response not only to mGluR acti-
vation, but also to AMPA receptor activation in Pur- fluorescent protein-tagged pleckstrin homology domain
of PLC-1 (GFP-PHD). GFP-PHD binds to PIP2 within thekinje cells in culture. AMPA-induced IP3 production
was mediated by depolarization-induced Ca2 influx plasma membrane and translocates to the cytoplasm
upon an increase in the concentration of IP3 because ofbecause it was mimicked by depolarization and was
blocked by inhibition of the P-type Ca2 channel. Fur- its 20-fold higher affinity for IP3 than for PIP2 (Hirose et
al., 1999). In this report, we applied this technique tothermore, trains of complex spikes, elicited by climb-
ing fiber stimulation (1 Hz), induced IP3 production in visualize intracellular IP3 dynamics in Purkinje cells. We
observed IP3 production via mGluR stimulation. Unex-Purkinje cells in cerebellar slices. These results re-
vealed a novel IP3 signaling pathway in Purkinje cells pectedly, we also observed IP3 production upon stimula-
tion of the AMPA receptor, which is not directly coupledthat can be elicited by synaptic inputs from climbing
fibers. to PLC. This IP3 production pathway was dependent on
the influx of Ca2 via the P-type voltage-gated Ca2
channel. This AMPA receptor/Ca2 influx-induced IP3Introduction
production was found to occur in physiological condi-
tions because repetitive CF stimulation induced IP3 pro-IP3 is a key second messenger that regulates many im-
portant cellular functions. The hydrolysis of phosphati- duction in Purkinje cells in acute cerebellar slices. This
novel IP3 production pathway may have an importantdylinositol 4,5-bisphosphate (PIP2) catalyzed by phos-
pholipase C (PLC) produces IP3, which results in the physiological role in Purkinje cells.
release of Ca2 from the endoplasmic reticulum through
the IP3 receptor (IP3R), an intracellular Ca2 release chan- Results
nel (Berridge, 1993; Clapham, 1995). Activities of the
PLC- isozymes are regulated by heterotrimeric G pro- Expression of GFP-PHD in Cultured Purkinje Cells
tein-coupled receptors (Taylor et al., 1991; Blank et al., Cultured mouse cerebellar neurons (DIV 13-42) were
1992), including the group I metabotropic glutamate re- infected with the Sindbis virus vector carrying a gene
ceptors, mGluR1 and mGluR5 (Nakanishi, 1992). Cere- encoding GFP-PHD (SIN-GFP-PHD) to visualize intracel-
bellar Purkinje cells highly express mGluR1 (Shigemoto lular IP3 in Purkinje cells. We used the Sindbis virus
et al., 1994), PLC- isozymes (Watanabe et al., 1998), vector because it had a higher affinity for neurons than
and IP3R1 (Sharp et al., 1993), which suggests that the for glial cells and enabled the expression of foreign
IP3 signaling pathway plays an important functional role genes in neurons at high levels (Gwag et al., 1998; Ehren-
in Purkinje cells. gruber et al., 1999). Indeed, the fluorescence intensity of
Long-term depression (LTD) at the parallel fiber (PF)- GFP-PHD in infected cells was such that fine structures
Purkinje cell synapse has been considered to underlie including dendritic spines could be identified under a
motor learning. LTD in Purkinje cells is induced by a fluorescence microscope. Infected Purkinje cells could
repetitive stimulation of PF in combination with climbing be easily identified on the basis of their unique morphol-
fiber (CF) stimulation (Ito, 1989). CFs activate ligand- ogy. When visualized under a confocal laser-scanning
gated cation channels, the AMPA receptors, resulting microscope, GFP-PHD was localized mainly in the nar-
in depolarization followed by Ca2 influx via the voltage- row region of cell borders corresponding to the plasma
gated Ca2 channel (Ito, 1984; Konnerth et al., 1990). membrane (Figure 1, right panel). This is in accordance
This Ca2 influx has been shown to be necessary for with its affinity for PIP2 on the plasma membrane (Stauf-
fer et al., 1998; Va´rnai and Balla, 1998; Hirose et al.,
1999). On the other hand, in Purkinje cells infected with3 Correspondence: iino@m.u-tokyo.ac.jp
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Figure 1. Sindbis-Mediated Expression of
GFP and GFP-PHD in Cultured Purkinje Cells
Confocal images of cultured Purkinje cells in-
fected with SIN-GFP (left panel) or SIN-GFP-
PHD (right panel). GFP-PHD is localized
mainly in the plasma membrane, while GFP
is localized in the cytoplasmic region.
SIN-GFP, GFP was expressed homogeneously in the logical abnormality were selected for the following ex-
periments.cytoplasmic region (Figure 1, left panel).
The fluorescence intensity of GFP-PHD became suffi-
cient for imaging 7–8 hr after infection. The fluorescence Translocation of GFP-PHD
Glutamate, an endogenous neurotransmitter, inducesintensity continuously increased after this time period,
and the morphology of the cells began to change gradu- the release of Ca2 via IP3R through stimulation of mGluR
in Purkinje cells (Finch and Augustine, 1998; Takechially (data not shown), likely due to the effect of overex-
pressed PHD on the cell membrane (Raucher et al., et al., 1998). We examined whether the application of
glutamate causes GFP-PHD translocation from the2000). Thus, the cells that showed sufficient fluores-
cence intensity of GFP-PHD for imaging and no morpho- plasma membrane to the cytoplasm in cultured Purkinje
Figure 2. Translocation of GFP-PHD from the Plasma Membrane to the Cytoplasm
GFP-PHD translocated following application of 30 M glutamate for 5 s (t  10–15 s, indicated by the horizontal bar). Fluorescence images
of GFP-PHD (A), fractional changes in the fluorescence intensity (F/F0, normalized by the average of frames taken at t  0–8 s) within the
cytoplasm (B), and F/F0 in the plasma membrane (C) are shown. High-magnification images of a part of the plasma membrane (indicated
by the white box in [C]) are also shown (D). The bright peripheral region is defined as the plasma membrane. Because the cytoplasm and the
plasma membrane were indistinguishable from each other at this magnification, fine dendritic arbors were omitted from the images (B and
C). Images were acquired every 2 s using a confocal microscope.
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Figure 3. IP3 Is Necessary and Sufficient for
Translocation of GFP-PHD
(A) Glutamate-induced translocation of GFP-
PHD in R343A mutant IP3 5-phosphatase-
expressing cell (left panel) or wild-type IP3
5-phosphatase-expressing cell (right panel).
F/F0 within the cytoplasm (normalized by the
average of five frames taken before glutamate
application) at the time indicated by arrows
in the bottom traces is shown. Bottom traces
show the time courses of F/F0 in the small
dendritic region indicated by the arrow in the
images. Application of 30 M glutamate for
5 s (indicated by the horizontal bar) resulted
in a transient increase in F/F0 in the R343A
mutant IP3 5-phosphatase-expressing cell
(left panel), while no increase was observed in
the wild-type IP3 5-phosphatase-expressing
cell (right panel).
(B) Peak values of F/F0 during 30 M gluta-
mate application in the R343A mutant or wild-
type IP3 5-phosphatase-expressing cells
(means  SEM, acquired from eight cells of
each type). The highest value of F/F0 in each
trace was defined as the peak value. Glu-
tamate-induced response was blocked in
the wild-type IP3 5-phosphatase-expressing
cells. Statistical significance versus the
R343A control (Student’s unpaired t test):
*p 	 0.001.
(C) Effect of intracellular delivery of an IP3
analog GPIP2 from a patch pipette. Whole-
cell mode was accomplished at the time indi-
cated by the arrow with a patch pipette con-
taining intracellular solution with 1 mM GPIP2
(left) or no GPIP2 (right). Time courses of F/
F0 in the somatic region are shown. Represen-
tative traces of four experiments.
cells. When Purkinje cells were challenged with gluta- cence intensity, we divided the pixels into two regions:
one was predominantly cytoplasmic (Figure 2B), and themate, the fluorescence intensity in the cytoplasmic re-
gion increased, whereas that in the plasma membrane other was predominantly membranous (Figures 2C and
2D). We observed a greater increase in cytoplasmic fluo-decreased (Figure 2A). Although it is known that neu-
ronal activity causes significant changes in intracellular rescence intensity in the dendritic region than in the
soma (Figure 2B). This apparent difference is presum-pH (Chesler and Kaila, 1992), application of 30 M gluta-
mate for 5 s did not cause intracellular pH changes ably due to the difference in the surface-volume ratio
between the two regions (i.e., IP3 and GFP-PHD concen-detectable by the pH indicator BCECF in Purkinje cells
(n  4). Thus, observed changes in the fluorescence tration is diluted in the relatively large volume of the
soma), although we cannot exclude the possibility thatintensity of GFP-PHD were not contaminated by the pH
sensitivity of GFP fluorescence (Kneen et al., 1998). To there is a difference in the IP3 production rate per unit
area of the plasma membrane.further clarify regional changes in the GFP-PHD fluores-
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IP3 Is Necessary and Sufficient for Translocation
of GFP-PHD
Although the observed translocation of GFP-PHD in Pur-
kinje cells is consistent with the intracellular increase in
IP3 concentration, as in the case of Madin-Darby canine
kidney epithelial cells (Hirose et al., 1999), there may be
other causes of the translocation of GFP-PHD in Purkinje
cells. For example, the binding between GFP-PHD and
PIP2 may have been weakened due to the reduction of
PIP2 concentration in the plasma membrane. To exclude
these possibilities, we investigated whether an increase
in IP3 concentration is necessary and sufficient for the
translocation of GFP-PHD in Purkinje cells.
To show the requirement of IP3 for the translocation of
GFP-PHD, we examined the effect of IP3 5-phosphatase
overexpression (Figures 3A and 3B). Because IP3
5-phosphatase hydrolyzes IP3 but not PIP2 (Majerus,
1992; Laxminarayan et al., 1994), overexpressed IP3
5-phosphatase should specifically inhibit an increase
in cytoplasmic IP3 concentration. We therefore con-
structed the Sindbis virus vector carrying a gene encod-
ing GFP-PHD under the control of the internal ribosomal
entry site (IRES) downstream of the wild-type IP3
5-phosphatase (SIN-5-ppase [WT]-IRES-GFP-PHD) to
coexpress IP3 5-phosphatase and GFP-PHD. In addition,
we also generated a similar vector in which Arg 343 of
the IP3 5-phosphatase was replaced by Ala (SIN-5-ppase Figure 4. Effects of Antagonists of mGluR and the AMPA Receptor
[R343A]-IRES-GFP-PHD). This mutation (R343A) re- on Glutamate-Induced IP3 Production
sulted in a loss of the enzymatic activity (Communi et al.,
(A and B) Time courses of F/F0 during application of 30 M gluta-
1996) and was used here as a negative control. Cultured mate in the presence of 1 mM MCPG or 20 M CNQX. CNQX revers-
Purkinje cells infected with SIN-5-ppase (WT or R343A)- ibly blocked the glutamate-induced response, while MCPG showed
little effect. Cells were treated with the antagonists for 5 min beforeIRES-GFP-PHD expressed nearly the same level of GFP-
glutamate application and then washed for 5 min before the nextPHD 18–24 hr after infection as that in Purkinje cells
stimulation.infected with SIN-GFP-PHD 7–8 hr after infection. This
(C) Compiled results of the effect of MCPG or CNQX on the peakdelay in expression is presumably due to differences
values of F/F0 during application of 30 M glutamate (means 
between the efficacies of cap-dependent and IRES- SEM, n  7, 5, and 5 cells for control, MCPG and CNQX, respec-
dependent translations (Ehrengruber et al., 1999). In the tively). Cells that showed a clear response to 30 M glutamate in
the absence of antagonists (17 cells from 26 tested cells) wereIP3 5-phosphatase (WT)-expressing Purkinje cell, gluta-
selected for analysis.mate-induced translocation of GFP-PHD was signifi-
cantly inhibited (Figure 3A, right panel), compared with
that in the mutant IP3 5-phosphatase (R343A)-express- effect on 30 M glutamate-induced translocation of
ing Purkinje cell (Figure 3A, left panel). As shown in GFP-PHD (Figures 4A and 4C). Similarly, 1-aminoindan-
Figure 3B, most of the translocation of GFP-PHD was 1,5-dicarboxylic acid (AIDA; 500 M), a group I mGluR-
blocked in the IP3 5-phosphatase (WT)-expressing cells. specific antagonist, showed very little inhibitory effect
To show that IP3 is sufficient for the translocation of (n  3). These results suggest that glutamate receptors
GFP-PHD, we delivered L-
-glycerophospho-D-myo- other than mGluR are involved in IP3 production in Pur-
inositol-4,5-bisphosphate (GPIP2), a metabolically sta- kinje cells. Indeed, most of the responses induced by
ble analog of IP3, from the patch pipettes to the cyto- 30 M glutamate were reversibly blocked by 6-cyano-
plasm. GPIP2 induced the translocation of GFP-PHD 7-nitroquinoxaline-2-3-dione (CNQX; 20 M), an AMPA
in Purkinje cells (Figure 3C). Similarly, IP3 induced the receptor antagonist (Figures 4B and 4C). Thus, a large
translocation of GFP-PHD but showed a lower efficiency proportion of 30 M glutamate-induced IP3 production
(n  4). This is consistent with the fact that endogenous was mediated by the AMPA receptor rather than by
IP3 5-phosphatase is highly expressed in Purkinje cells mGluR in this preparation.
(De Smedt et al., 1994, 1996), and that rapid degradation To further clarify the mGluR- and AMPA receptor-
of IP3 occurs in the cytoplasm. mediated components in glutamate-induced IP3 produc-
tion, we investigated the dose-response relationship for
glutamate receptor agonists (Figure 5). The transloca-mGluR- and AMPA Receptor-Mediated
IP3 Production tion of GFP-PHD was dependent on the glutamate con-
centration with an extremely steep dose-response rela-To further clarify the observed glutamate-induced IP3
production, we investigated the effect of antagonists tionship (Hill coefficient  5.6, EC50  8.6 M) (Figures
5A [left panel] and 5B). On the other hand, (1S,3R)-1-of glutamate receptors (Figure 4). Surprisingly, (RS)-
-
methyl-4-carboxyphenylglycine (MCPG; 1 mM), a non- aminocyclopentane-1,3-dicarboxylic acid (ACPD), an
agonist for groups I and II mGluRs, induced the translo-selective mGluR antagonist, had only a slight inhibitory
AMPA Receptor-Triggered IP3 Production Pathway
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Figure 5. Dose-Response Relationship for
Glutamate-, ACPD-, and AMPA-Mediated IP3
Production
(A) Representative IP3 production during the
application of 100 M glutamate (left panel),
30 M AMPA (middle panel), and 1000 M
ACPD (right panel) for 5 s. F/F0s in the cyto-
plasm at the time indicated by the arrows in
the bottom traces are shown. Traces show
the time courses of F/F0 in the small den-
dritic region indicated by the arrow in the
images.
(B) Peak values of F/F0 during application
of glutamate, AMPA, and ACPD for 5 s are
plotted against the concentration (means 
SEM). Data points were fitted using Hill’s plot.
There appear to be small responses even at
the lowest agonist concentrations due to the
peak values of noise in fluorescence intensity.
cation of GFP-PHD in a less steep dose-dependent man- is mediated mainly by the P-type voltage-gated Ca2
channel (Gruol et al., 1996). Indeed, following the treat-ner (Hill coefficient  2.3, EC50  50 M). In addition,
the maximal translocation of GFP-PHD induced by ment with -agatoxin IVA (AgaIVA), a P-type voltage-
gated Ca2 channel blocker (Mintz et al., 1992), theACPD was notably smaller than that induced by gluta-
mate (Figures 5A [right panel] and 5B). (S)-3,5-dihy- AMPA-induced response was abolished (Figure 6B).
These results show that Ca2 influx via the P-type volt-droxyphenylglycine (DHPG), a group I mGluR-specific
agonist, also induced a similar level of translocation (n age-gated Ca2 channel is required for the AMPA-
induced IP3 production.3). AMPA induced the translocation of GFP-PHD in a
steep dose-dependent manner (Hill coefficient  3.1, In addition to the P-type channel, the AMPA receptor
may be coupled with other signaling pathways, such asEC50  2.7 M). Moreover, consistent with the inhibitory
effect of CNQX on glutamate-induced IP3 production the Gi-protein (Wang et al., 1997b) and the tyrosine ki-
nase Lyn (Hayashi et al., 1999). To study whether Ca2(Figures 4B and 4C), the maximal translocation of GFP-
PHD induced by AMPA was similar to that induced by influx is sufficient to induce IP3 production, the whole-
cell patch-clamp method was applied to activate volt-glutamate (Figures 5A [middle panel] and 5B). This
AMPA-induced translocation of GFP-PHD was con- age-gated Ca2 channels in cultured Purkinje cells.
When a depolarizing pulse from 70 to 0 mV for 2 sfirmed to be insensitive to AIDA, an mGluR antagonist
(n  3). These results reveal a novel pathway through was applied to Purkinje cells, we observed GFP-PHD
translocation at a level similar to that induced by gluta-which activation of AMPA receptor induces IP3 produc-
tion in Purkinje cells. Phosphatidylinositol (PI) 3-kinase mate and AMPA at the maximum dose (Figure 6C). This
IP3 production was inhibited by the intracellular solutionpathway was not involved in AMPA-induced IP3 produc-
tion because this was not blocked by wortmannin (100 containing 20 mM BAPTA (Figure 6C). Thus, depolariza-
tion-induced Ca2 influx itself is sufficient for IP3 produc-nM), a PI 3-kinase inhibitor (n  3).
tion in Purkinje cells.
We also investigated the effect of a brief depolarizingCa2-Induced IP3 Production pulse that could substitute CF stimulation for the induc-
It has been demonstrated in several cell types that an
tion of Ca2 influx required for LTD (Konnerth et al. 1992;
increase in intracellular Ca2 concentration stimulates
Aiba et al. 1994b). Trains of 50 ms depolarizing pulses
PLC activity (Kendall and Nahorski, 1984; Biden et al.,
(from 70 to 0 mV) at 1 Hz, mimicking CF activity under
1987; Eberhard and Holz, 1987; Domino and Garbers,
physiological conditions (Ito, 1984), induced an increase
1988; Smart et al., 1995; Capozzi et al., 1999). Therefore,
in IP3 concentration in a cumulative manner (Figure 6D).we examined the involvement of intracellular Ca2 in the
AMPA-induced IP3 production. In a Ca2-free extracellu-
lar solution, the AMPA-induced response was abolished CF-Mediated IP3 Production in Purkinje Cells
in Cerebellar Slices(Figure 6A). This result suggests that an influx of Ca2 is
necessary for AMPA-induced IP3 production. In Purkinje To study the AMPA receptor/Ca2 influx-induced IP3
production in Purkinje cells under physiological condi-cells, the AMPA receptor shows low permeability to Ca2
(Tempia et al., 1996), and the AMPA-induced Ca2 influx tions, we carried out experiments using acute cerebellar
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cells, the intracellular IP3 concentration increased not
only upon activation of mGluR but, to our surprise, also
in response to the AMPA receptor stimulation. This
AMPA receptor-mediated IP3 production was depen-
dent on Ca2 influx via the P-type Ca2 channel. Further-
more, CF stimulation induced IP3 production in Purkinje
cells in acute cerebellar slices, suggesting that the
AMPA receptor/Ca2 influx-induced IP3 production oc-
curs in the physiological state. Thus, our results have
revealed a novel signaling pathway for the intracellular
IP3 dynamics in Purkinje cells.
Candidate Components that Mediate
Ca2-Induced IP3 Production
How is IP3 generated upon an increase in intracellular
Ca2 concentration? Because the activities of all PLC
isozymes (, , and ) isolated from the brain are potenti-
ated by micromolar concentrations of Ca2 in vitro (Ryu
et al., 1987), it is possible that Ca2-mediated activation
of PLC may result in IP3 production. Although the activi-
ties of PLC- and PLC- within cells are primarily regu-
lated by G-proteins and tyrosine phosphorylation, re-
spectively (Rhee and Bae, 1997; Rebecchi and Pentyala,
2000),  and  isozymes in Purkinje cells may be acti-
vated by an increase in Ca2 concentration alone. On
the other hand, PLC-1 within cells is activated primarily
Figure 6. Ca2 Influx-Mediated IP3 Production by Ca2 concentrations ranging from 0.1 to 10 M
(A) AMPA-induced response was completely blocked in the absence (Banno et al., 1994; Allen et al., 1997; Kim et al., 1999).
of extracellular Ca2. Whereas PLC-1 is expressed at very low levels in neu-(B) AMPA-induced response was completely blocked by AgaIVA.
rons in the adult rat brain (Choi et al., 1989; MizuguchiCells were treated with 100 nM AgaIVA for 3 min before AMPA
et al., 1991), PLC-2 at relatively high levels is expressedapplication.
in Purkinje cells (Martelli et al., 1996). Although the Ca2(C) Depolarization pulse (2 s, from70 to 0 mV) induced IP3 produc-
tion in a manner similar to AMPA application (left). Depolarization- dependence of PLC-2 activity is yet to be determined,
induced IP3 production was blocked by Ca2 buffering with 20 mM high amino acid sequence similarity between the two
BAPTA in the patch pipette solution (right). isozymes implies that PLC-2 is also sensitive to intracel-(D) Trains of 50 ms depolarizing pulses (1 Hz for 100 s, from 70
lular Ca2 concentrations (Meldrum et al., 1991). There-to 0 mV) induced IP3 production in a cumulative manner.
fore, PLC-2 is one of the plausible candidate proteinsRepresentative traces of more than three experiments (A–D).
that mediate the Ca2-induced IP3 production in Purkinje
cells.
To clarify the involvement of PLC in Ca2-induced IP3slices. The inputs of CFs to Purkinje cells activate the
production in Purkinje cells, PLC inhibitors that blockAMPA receptors on the postsynaptic membrane and
Ca2-mediated activation of PLC would be useful, al-induce complex spikes that are mediated by voltage-
though such agents are not currently available (Bleas-gated Na, Ca2, and K currents (Ito, 1984; Konnerth
dale et al., 1990; Smith et al., 1990; Broad et al., 2001).et al., 1990). To monitor changes in the IP3 concentration
Analyzing mutant mice deficient in one of the PLC iso-in Purkinje cells in response to the CF inputs, acute
zymes may also clarify this point and specify the PLCcerebellar slices were infected with SIN-GFP-PHD. Pur-
isozyme that is responsible for the Ca2-induced IP3kinje cells expressed a sufficient amount of GFP-PHD
production.for imaging 7–12 hr after infection (Figure 7A) and were
current clamped under the whole-cell recording configu-
ration. We confirmed that the expression of GFP-PHD Possible Physiological Roles of CF-Mediated
IP3 Productiondid not interfere with the generation of the complex
spikes upon electrical stimulation of the CFs (Figure A PF-Purkinje cell synapse is Hebbian and requires con-
comitant activation of PF and CF synapses to modulate7B, inset). Trains of CF-induced complex spikes (1 Hz),
which mimic CF activities in vivo (Ito, 1984), induced an the efficacy of synaptic transmission (Linden, 1994). IP3R
is one of the candidate molecules that function as theincrease in IP3 concentration in a cumulative manner
(Figure 7B), indicating that the AMPA receptor/Ca2 in- molecular coincidence detector in PF-Purkinje cell syn-
apses (Simpson et al., 1995; Berridge, 1998). Becauseflux-induced IP3 production takes place in Purkinje cells
in response to the synaptic inputs from CFs. IP3R is synergistically coactivated by IP3 and Ca2 (Iino,
1990; Bezprozvanny et al., 1991), it is suggested that
PF-mediated IP3 production and CF-mediated Ca2 in-Discussion
flux may optimally coactivate IP3R to generate a supra-
linear Ca2 signal in PF spines (Wang et al., 2000).By using GFP-PHD as the fluorescent IP3 probe, we have
succeeded in real-time monitoring of intracellular IP3 CF-mediated IP3 production revealed by this study
may provide a mechanism for the coincident detectiondynamics in single Purkinje cells. In cultured Purkinje
AMPA Receptor-Triggered IP3 Production Pathway
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Figure 7. CF-Mediated IP3 Production
(A) Confocal image of a GFP-PHD-expressing
Purkinje cell in a cerebellar slice. Twenty-nine
confocal images acquired every 2 m were
projected onto a plane with correction of
the decrease in fluorescence intensity due
to light scattering assuming 3% decline per
1 m.
(B) Repetitive CF-induced complex spikes (1
Hz for 300 s) induced IP3 production in a cu-
mulative manner. The time course of F/F0
(normalized by the frame taken immediately
before CF stimulation) at the dendritic shaft
is shown. (Inset) Records of complex spikes
(three traces were superimposed) induced by
CF stimulation in a GFP-PHD-expressing Pur-
kinje cell. Representative data of three exper-
iments.
in Purkinje cells. It has been shown that the activation apply the GFP-PHD method to other cells so that the
IP3 dynamics may be monitored in CNS neurons otherof IP3R expressed in Purkinje cells requires 50 times
higher IP3 concentration than that expressed in glial cells than Purkinje cells. A large number of different receptors
that respond by stimulating the production of IP3 areor in peripheral tissue cells (Khodakhah and Ogden,
1993, 1995). It is therefore conceivable that coactivation expressed in the CNS and are implicated in important
physiological functions (Berridge, 1998). In the hippo-of PF-mediated and CF-mediated IP3 production is re-
quired for the Ca2 release via IP3R at the synaptic spines campus, significant amounts of mGluR1 and mGluR5
are expressed and are implicated in synaptic plasticityin Purkinje cells. To clarify the physiological role of CF-
mediated IP3 production in the induction of LTD, detailed (Aiba et al., 1994a; Reyes and Stanton, 1996; Lu et al.,
1997; Wang et al., 1997a; Wilsch et al., 1998; Nakamuraanalysis of PF- and CF-mediated IP3 production dynam-
ics is an issue currently being addressed. et al., 1999; Yeckel et al., 1999). Thus, the present tech-
nique will provide extensive information that may lead
to greater understanding of many physiological eventsApplication of GFP-PHD Method to Other Central
in the CNS, including hippocampal synaptic plasticity.Nervous System Neurons
The Sindbis virus efficiently infects the central nervous
Experimental Proceduressystem (CNS) neurons (Gwag et al., 1998; Ehrengruber
et al., 1999) and has been applied in physiological exper- Cerebellar Cultures and Cerebellar Slices
iments (Maletic-Savatic et al., 1999; Shi et al., 1999; Primary dispersed cerebellar cultures were prepared from ICR mice
embryos at 18 days postcoitum (E18) or from neonatal mice (P0).Lendval et al., 2000). Therefore, it seems possible to
Neuron
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No difference was observed in the data obtained for cultures from 1.35) for cultured Purkinje cells and a water-immersion objective
(40, NA 0.80) for Purkinje cells in slices at 488-nm excitation.mice whether at E18 or at P0. The cerebella were treated with 1%
trypsin and 0.1% DNase I in Ca2/Mg2-free PBS for 5 min at room Experiments were carried out at room temperature (22C–24C).
temperature. The cells were washed with a culture medium con-
taining 5% fetal calf serum and dissociated by passing through a
Drug Applicationfire-polished Pasteur pipette in Ca2-free PBS containing 0.05%
Glutamate was obtained from Sigma; ACPD, AIDA, AMPA, CNQX,DNase I, 0.03% trypsin inhibitor, and 2 mM MgCl2. Dispersed cells
DHPG, and MCPG were obtained from Tocris; AgaIVA from Peptidewere plated at a density of 3.0–4.0  105 cells/cm2 on glass cover
Institute. To prepare stock solutions, drugs other than CNQX wereslips that had been coated with poly-L-lysine (Sigma) and mouse
dissolved in water (the pH was adjusted with NaOH when neces-laminin (Upstate Biotechnology or GIBCO). The cells were cultured
sary). CNQX was dissolved in dimethylsulfoxide. Stock solutionsat 37C in the Neurobasal A medium with 2% B-27 supplement
were diluted with physiological salt solution and then adjusted to(GIBCO) under a humidified atmosphere containing 5% CO2. The
pH 7.4. The solutions were administered to the cells by gravity flowculture medium also contained 5% fetal calf serum for the first day
through an electrically controlled puffing pipette positioned besideafter plating. The medium was changed twice a week by replacing
the cells, which enabled rapid and homogeneous application of30% of the old medium with a fresh one. Cells cultured for 13–42
drugs to the cells. The solution containing AgaIVA was prepareddays were used for the experiments. Purkinje cells were readily
immediately before use in silicone-coated tubes and then bath-identified by their prominent dendritic trees and large, round soma.
applied to the cells using silicone-coated pipettes. A Ca2-free solu-Parasagittal cerebellar slices (250 m thickness) were prepared
tion was obtained by adding 5 mM EGTA to a nominally Ca2-freefrom mice (C57BL/6) at P21-P25 as described previously (Edwards
physiological salt solution. TTX (Wako) at 1 M was added to allet al., 1989; Aiba et al., 1994b).
the solutions.
To circumvent the effect of desensitization or rundown of cells,Sindbis Virus Vectors
only the responses induced by the first application of agonists wereThe cDNA encoding GFP or GFP-PHD (Hirose et al., 1999) was
adopted for calculating the mean of the peak values of F/F0. Tocloned into pSinRep5 (Invitrogen). This vector was then used as
determine the dose-response relationship (Figure 4), cells thatthe template for in vitro transcription using SP6 RNA polymerase
showed a clear response to 100 M glutamate, 30 M AMPA, or(Invitrogen). The RNA transcript and the helper RNA from DH(26S)
1000 M ACPD (i.e., cells that showed a peak value of F/F0 largercDNA template (Invitrogen) were cotransfected into BHK cells by
than 0.5, 0.4, or 0.2, respectively) were selected (70% of testedelectroporation. Twenty-four hours after transfection, the culture
cells).medium was harvested; this contained the infectious particles of
SIN-GFP or SIN-GFP-PHD. Rat IP3 5-phosphatase (Hirose et al.,
1999) was cloned into pIRES2-EGFP (Clontech) whose EGFP gene
Electrophysiology
had been replaced by the cDNA encoding GFP-PHD. Then, the
Cultured Purkinje cells were voltage-clamped using a patch clamp
cDNA encoding 5-phosphatase (wild-type)-IRES-GFP-PHD was
amplifier (Axopatch 200B, Axon Instruments). Resistances of patch
cloned into pSinRep5. Arg 343 of IP3 5-phosphatase was mutated pipettes were 2–3 M when filled with an intracellular solution: 60
to Ala by polymerase chain reaction using a mutated primer. The
mM CsCl, 30 mM Cs gluconate, 20 mM TEA-Cl, 4 mM MgCl2, 1 mMcDNA fragment including the mutated site was used to replace the
EGTA, 4 mM ATP (Na salt), 0.4 mM GTP (Na salt), and 30 mM
corresponding site in 5-phosphatase (wild-type) to generate the cDNA
HEPES (pH 7.4) (adjusted with CsOH). The extracellular solution
of 5-phosphatase (R343A)-IRES-GFP-PHD cloned into pSinRep5. The
was a physiological salt solution containing TTX (1 M). Membrane
infectious particles were acquired by the same procedure described
potential of the Purkinje cells was held at70 mV until a depolarizing
above.
pulse was applied to the Purkinje cells. For intracellular delivery of
GPIP2 (Sigma) and IP3 (Dojindo) through the patch pipettes, the
GFP-PHD Imaging agents were dissolved in potassium-based intracellular solution (see
The obtained medium containing the infectious particles was diluted below).
with the cerebellar culture medium (see above) so that approxi- In cerebellar slices, whole-cell recordings were made from visually
mately 20%–80% of Purkinje cells in the culture were infected. The identified Purkinje cells using an upright microscope (BX61WI;
cultured cells were incubated in this medium for 7–8 hr at 37C and Olympus). Resistances of patch pipettes were 2–5 M when filled
then washed with a physiological salt solution: 150 mM NaCl, 4 mM with an intracellular solution: 70 mM KCl, 60 mM K gluconate, 4 mM
KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, and 5.6 mM glucose MgCl2, 0.5 mM EGTA, 4 mM ATP (Na salt), 0.4 mM GTP (Na salt),
(pH 7.4) (adjusted with NaOH). Then, cultured cells were bathed in and 30 mM HEPES (pH 7.4) (adjusted with KOH). The recording
a physiological salt solution containing 1 M tetrodotoxin (TTX) to chamber was continuously perfused with standard bath solution
block synaptic transmission. bubbled with 95% O2 and 5% CO2 containing 10 M bicuculline
For the infection of cerebellar slices, the infectious particles were to block spontaneous inhibitory postsynaptic currents. Membrane
collected by centrifugation at 10,000 rpm for 12 hr and then resus- potentials were recorded with an EPC-9 patch-clamp amplifier
pended in the standard bath solution: 125 mM NaCl, 2.5 mM KCl, (HEKA) using the current-clamp mode. The signals were filtered at
2 mM CaCl2, 1 mM MgSO4, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 3 kHz and digitized at 20 kHz. On-line data acquisition and off-line
20 mM glucose. Cerebellar slices were incubated in this solution analysis of data were performed using PULSE software (HEKA). A
for 10 min at room temperature (22C–24C) and then washed with stimulation pipette (5–10-m tip diameter) was filled with standard
the standard bath solution. Infected slices were incubated in the saline and used to apply square pulses for focal stimulation (dura-
standard bath solution bubbled with 95% O2 and 5% CO2 for 7–12 tion, 0.1 ms; amplitude, 0–90 V). CFs were stimulated in the granule
hr at 35C. Then, slices were transferred to a recording chamber, cell layer 50–100 m away from the Purkinje cell soma under re-
which was continuously perfused with the standard bath solution cording. Experiments were carried out at room temperature (22C–
bubbled with 95% O2 and 5% CO2 containing 10 M bicuculline. 24C).
Images of GFP-PHD were acquired using an inverted microscope
(IX 70; Olympus) equipped with a confocal scanning unit and an
argon/krypton laser (FluoView; Olympus) for cultured Purkinje cells, Acknowledgments
and an upright microscope (BX61WI; Olympus) equipped with con-
focal scanning unit and an argon laser (FV300; Olympus) for Purkinje We thank Dr. M. Tanabe for excellent technical assistance and Dr.
cells in slices. Data were acquired using FluoView 2.0 software T. Yamazawa for helpful discussions. This work was partly sup-
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a sufficient amount of GFP-PHD were selected on the basis of
morphological criteria (large, round soma; prominent dendritic
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